Abstract Tests of the candidate plasma facing materials (PFMs) used in experimental fusion devices are essential due to the direct influence of in-situ plasma loading. A type of ultrafine grained (UFG) tungsten sintered by resistance sintering under ultra-high pressure (RSUHP) method has been exposed in the edge plasma of the HT-7 tokamak to investigate its performance under plasma loading. Under cyclic edge plasma loading, the UFG tungsten develops both macro and micro cracks. The macro cracks are attributed to the low temperature brittleness of the tungsten material itself, while the micro cracks are generated from local intense power flux deposition.
Introduction
Tungsten (W) is recognized as a promising candidate for use as a plasma facing material (PFM) in fusion devices due to its favorable properties, e.g. high melting point, low vapor pressure, low tritium retention, and low sputtering yield under plasma loading [1, 2] . It has been proposed as an armor material for the ITER divertor, i.e. baffle and dome PFM in initial phase and full divertor PFM during active operation, and is currently the most suitable candidate for the first wall in DEMO and future fusion reactors [3∼6] . Furthermore, the feasibility of tungsten has been testified in ASDEX-Upgrade. However, tungsten has many drawbacks, e.g. the large radiative loss due to plasma contamination, the high ductile to brittle transition temperature (DBTT, approximately 673 K) and the low recrystallization temperature of 1600 K [2, 7] . Fabrication of ultra-fine grained (UFG) tungsten is widely considered as an effective way to improve some disadvantages of pure tungsten [8] . To prepare UFG tungsten, a novel powder metallurgic method, namely resistance sintering under ultra-high pressure (RSUHP) has been developed [9] . The performance of this kind of UFG tungsten sintered by RSUHP has been tested with respect to thermal resistance using an electron beam generator simulating fusion related heat flux [10] . Thus, exposure of this kind of UFG tungsten in a current tokamak to face the edge plasma is becoming an essential aspect to evaluate its performance and reliability under in-situ plasma loading [2, 11] .
In the present work, high quality UFG tungsten sintered by RSUHP has been exposed in the scrape-off (SOL) layer of the HT-7 tokamak. This paper describes the cracking behaviors as well as the crack formation mechanisms of UFG tungsten under the edge plasma loading.
Experiment

Fabrication and characterization of sintered UFG tungsten
UFG tungsten with high purity (over 99%) and high density (up to 96%) was successful prepared by using the RSUHP method using initial tungsten powder with a mean size of 2 µm. The sintered parameters were as follows: ultra-high pressure of 10.5 GPa, electric current of 950 A, and sintering time of 60 s. The detailed fabrication process and discussion were reported in a previous work [12] . Fig. 1 shows the fracture morphology of the UFG tungsten. The grain crystal and grain boundary are clearly observed from the fracture morphology. The grain size after sintering is nearly the same size as that of the initial tungsten powder, which demonstrates that RSUHP is a suitable method for preparing UFG tungsten. Because of the short sintering time and low sintering temperature of the RSUHP method, the grain growth of W powder during sintering is suppressed. In addition, the tungsten powder may be refined by the load of the ultra-high pressure to some extent. Moreover, observation of the fracture morphology also illustrates that the UFG tungsten displays a typical brittle fracture mixture of intergranular rupture and transgranular rupture, in which the intergranular rupture is dominant and indicates a weaker grain boundary than the grain interior. Before the plasma exposure experiment, a surface polishing process was performed on the UFG tungsten specimens. 
Plasma exposure in the edge plasma of HT-7 tokamak
The UFG tungsten specimens were mechanically fixed on a stainless steel support and transferred into the SOL to face the edge plasma of the HT-7 tokamak by means of a magnetic transporter. Fig. 2 schematically shows the cross-section view of the HT-7 tokamak and magnetic transporter. The specimen surface was fixed 10 mm away from the last closed flux surface (LCFS). The detailed plasma discharge parameters during exposure were: plasma current of ∼150 kA, average electron density of ∼1. 8 × 10 19 m −3 and low hybrid current drive and heating power of 300∼500 kW, etc. Especially, the average time duration of plasma discharge shot was ∼ 1 s and the specimens were not actively cooled during the exposure. Each batch of specimens had experienced exposure to total numbers of shots exceeding 200. Before and after exposure, surface component analysis was performed on and metallographic observation was made of the surface of the tested specimens. 
Surface composition analysis
After plasma exposure, the UFG tungsten specimens were first inspected by X-ray fluorescence (XRF) and X-ray diffraction (XRD) to analyze the surface compositions with respect to surface deposition. Table 1 lists the results of metallic element composition analyzed by XRF. Besides the initial compositions of W (99.92%) and Fe (0.08%), very few other elements (each element composition is < 0.06%), such as Mo, Cr, Mn etc., were measured, which illustrated little plasma deposition on the specimen surface. The characteristic peaks of WC and WO 3 were not detected by XRD, which is inconsistent with similar work [13] . This is because the Mo limiter was applied instead of the carbon limiter used in the previous HT-7 device experimental campaign in Spring 2011. Thus no carbon resource was provided and introduced into the plasma. Moreover, the high vacuum operation condition (∼10 −4 Pa) during the experiment surely helped to avoid the oxidation of the tungsten specimens.
Surface morphology observation
The change of surface morphology was observed using scanning electron microscopy (SEM). After exposure, the exposed surface of the UFG tungsten shows almost the same metallic luster as a fresh surface. Surface morphology observation shows that two types of 
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cracks occur on the surface of UFG tungsten after plasma exposure. Clearly, the cracks of type 1, namely macro cracks with width of approximately 10 µm can be visibly seen on all the first batch of the UFG tungsten specimens exposed to shot #111377 ∼ 111587. Fig. 3(a) and (b) show the general profile and local magnification of the macroscopic cracks, respectively. However, the macro cracks are completely absent on a fresh surface and are not found on another two batches of UFG tungsten specimens exposed to shot #111619 ∼ 111863 and shot #111898 ∼ 112133, respectively. The fact that distinct results are found for different batches of specimens is unsurprising, because the plasma discharge parameters are different for each shot and the plasma boundary transportation is instable. Thus the different batches of UFG tungsten specimens experienced different exposure conditions and resulted in the above difference. Analysis of the configuration of macro cracks allows us to confirm that the macro cracks were initially produced at the edge or at a corner, and then propagated inwards. Though active cooling was not implemented, the temperature distribution of UFG tungsten specimens is comparable with the limiter targets in the HT-7 tokamak with plasma conditions of short pulse and long interval. During plasma discharge the computable heat load in a range of 0.5 ∼ 2 MW/m 2 [14] was deposited on the surface of specimens. According to the finite element thermal analysis and the temperature distribution on the substrate measured by thermocouples, the surface temperature of the UFG tungsten specimens can be deduced below the DBTT of tungsten. Thus, the tungsten specimen exhibits a brittleness behavior during exposure, which makes the tungsten surface easier to be damaged by slow transient (a few seconds) high heat loads [15] . In addition, the propagation of macro cracks through the grain boundary supports embrittlement fracture. The macro crack formation is attributed to the low temperature brittleness of tungsten itself, which can be avoided by increasing the initial temperature above the DBTT in future tungsten wall operations. On the other hand, although the grain size can be well refined, the low temperature brittleness of the UFG tungsten sintered by RSUHP still needs to be ameliorated by optimizing the initial power and processing parameters.
Besides the macro crack formation on the surface, cracks of type 2, namely micro cracks, were also observed on the local region of all batches of the UFG tungsten specimens. Fig. 4(a)∼(d) schematically show microscopic morphology of the local sized area. The net-like micro cracks in Fig. 4(a) and the local melting area in Fig. 4(b) imply that the local area experienced an intense power flux deposition. The surface local melting as well as the micro-cracks on the reconsolidated pre-melted layers (Fig 4(c) ) were pervasive. Under intense power flux deposition, metal plasma facing materials exhibit four effects, i.e. cracking roughing, homogenous melting, melt ejection, and boiling as well as droplet formation [16] . And Fig. 5 schematically depicts the four effects with increasing power density. The net-like meshing cracks in Fig. 4(a) caused directly by the intense power flux correspond to the cracking roughing if the power density is below the melting threshold. And, the micro cracks on the melted layer in Fig. 4 (c) were created due to the large thermal stress during the re-solidification of pre-melted layers after intense power flux deposition. Moreover, Fig. 4(d) depicts a clear crater as well as the droplet around it, which are in good agreement with the boiling and droplets caused by intense power flux. Doubtlessly, the local melting and micro crack formation will enhance the surface erosion and degrade the surface properties. However, the cause of the intense power flux deposition on the specimen surface is still unclear. To make the cause of the intense power flux deposition clear, diagnosis of the transportation behavior of the edge plasma near the specimen surface is needed in future experiments, and the surface condition should also be given more attention.
Discussion
The high density UFG tungsten sintered by RSUHP method was exposed to the SOL of the HT-7 tokamak to investigate its performance under edge plasma loading. Surface morphology observation shows that the UFG tungsten develops both macro and micro cracks under edge plasma loading. The macro cracks are attributed to the low temperature brittleness of tungsten, while the micro cracks are produced from local intense power flux deposition. In spite of the well refined grain size, the brittleness of the UFG tungsten sintered by RSUHP still needs to be ameliorated by optimizing the initial power and processing parameters. In addition, the cause of the local intense power flux on the UFG tungsten surface is unclear, and further investigations on the interaction between edge plasma and the metal wall need to be conducted.
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